A ventricular assist device (VAD), which is a miniaturized axial flow pump from the point of view of mechanism, has been designed and studied in this report. It consists of an inducer, an impeller, and a diffuser. The main design objective of this VAD is to produce an axial pump with a streamlined, idealized, and nonobstructing blood flow path. The magnetic bearings are adapted so that the impeller is completely magnetically levitated. The VAD operates under transient conditions because of the spinning movement of the impeller and the pulsatile inlet flow rate. The design method, procedure, and iterations are presented. The VAD's performance under transient conditions is investigated by means of computational fluid dynamics (CFD). Two reference frames, rotational and stationary, are implemented in the CFD simulations. The inlet and outlet surfaces of the impeller, which are connected to the inducer and diffuser respectively, are allowed to rotate and slide during the calculation to simulate the realistic spinning motion of the impeller. The flow head curves are determined, and the variation of pressure distribution during a cardiac cycle (including systole and diastole) is given. The axial oscillation of impeller is also estimated for the magnetic bearing design. The transient CFD simulation, which requires more computer resources and calculation efforts than the steady simulation, provides a range rather than only a point for the VAD's performance. Because of pulsatile flow phenomena and virtual spinning movement of the impeller, the transient simulation, which is realistically correlated with the in vivo implant scenarios of a VAD, is essential to ensure an effective and reliable VAD design.
Claiming approximately 945,836 lives in the year 2000, cardiovascular disease (CVD) is the number one killer in the world. It is estimated that approximately 4.8 million people in the United States have congestive heart failure (CHF), a clinical syndrome that involves severe ventricular dysfunction and ultimately leads to a reduction in cardiac output. Approximately 40,000 patients with CHF die each year, and as many as 250,000 deaths are a result of CHF related illnesses. According to statistical estimations, approximately 400,000 new CHF cases are diagnosed each year in the United States. 1 These patients with cardiac failure follow a significant regimen of cardiac medications and often require heart transplantation. Because there is a limited number of donor hearts available each year (approximately 2,500), many such patients with CHF may not survive the lengthy waiting period for a donor heart. Patients with CHF often need mechanical circulatory support (MCS) as a bridge to transplantation and even as a long-term destination therapy.
MCSs have been researched and developed for decades and fall into three main categories: total artificial heart (TAH), volume displacement blood pump (DBP), and rotary blood pump (RBP). [2] [3] [4] [5] [6] The TAH aims to completely replace the native heart with a pulsatile MCS. DBP and RBP are the ventricular assist devices (VAD) that merely assist the native ventricle to pump blood through the body and, therefore, reduce its workload. DBPs are typically pulsatile blood flow support devices with flexible membranes or pusher plate design including a multitude of valves. In contrast, RBPs provide continuous blood flow via a centrifugal or axial flow design with no membranes or valves. Up to 2003, there were three MCSs that had received U.S. Food and Drug Administration (FDA) approval and could be used for a designated therapy: Thoratec VAD, HeartMate LVAS (left ventricular assist system), and Novacor LVAS. Several MCSs were undergoing clinical trials. VADs have been proven to provide effective supplemental circulatory support to patients with cardiac failure. An estimated 35,000 -70,000 people in the United States could benefit from long-term MCSs each year. 7 To provide a viable MCS option as long-term therapy for these patients with cardiac failure and an improvement over currently available devices, the present authors designed a fully implantable axial flow RBP with a magnetically levitated impeller for the adult population.
The Virginia Artificial Heart Institute (VAHI) has developed several prototypes of continuous flow centrifugal left ventricular assist devices (LVADs) with magnetically levitated impellers for long-term use for patients with CHF. 8 -19 The most recent and successful prototype, the HeartQuest CF4b, is currently undergoing animal testing at the Utah Artificial Heart Institute. 20 -24 The CF4b pump has been implanted in a series of four calves for 30 -60 days and in one calf for approximately 110 days. The calves performed well on the treadmill with the pump support; they did not show an increase in plasma free hemoglobin over the support duration, and they had no fibrin split products or d-dimers in the circulating blood (indicative of thrombosis) that had been broken down with the fibrolysin enzymes. The experiences gained from this successful centrifugal design effort were helpful in developing an axial flow blood pump.
Even though the advantages and disadvantages of axial versus centrifugal VADs are still in dispute, the present authors believe that there are a number of advantages of the axial flow design as compared with the centrifugal configuration, especially for a totally magnetically suspended impeller. The centrifugal pump presents a geometry that is not easily implanted to a calf or a human because of its inflow and outflow port locations. The magnetically levitated impeller design for a centrifugal RBP generates a secondary blood flow path through the clearances between the pump housing and the rotating impeller. 24 This secondary flow path may create possibilities of flow stagnation and high shear stresses, which could lead to hemolysis and possible thrombosis. In contrast to centrifugal VADs, the magnetically levitated impeller design for the present authors' axial flow pump does not include a secondary blood flow path. Furthermore, axial pumps have better anatomic fit because of their compact sizes and tubular configurations. As a result, axial flow pumps require less time to implant, thereby decreasing the cost and invasiveness of the procedure. 25, 26 The main design objective of the present authors' axial flow pump, named the LEV-VAD, is to produce a pump with a streamlined, idealized, one pass, nonobstructing blood flow path that can deliver 100 mm Hg pressure rise at 6 L/min volume flow rate. As previously mentioned, the LEV-VAD includes an impeller that is suspended entirely by magnetic bearings (MBs). This suspension design allows the impeller to avoid any contact with the pump's internal housing. This design also reduces regions of stagnant and high shear flow that normally surround a fluid or pivot bearing by allowing for larger clearances between the rotor and housing. Unlike traditional mechanical bearings, MBs have no moving parts in contact; thus they do not wear over time and consequently have a longer operational lifetime. The bearing Hall sensors provide information that aids in the control of the impeller's position and movement. Novel algorithms that have been developed and tested over years will be implemented to deduce the pump operating flow rate and pressure rise by monitoring the electrical power to the bearings. [27] [28] [29] Figure 1 illustrates the LEV-VAD design including magnetic bearings and motor components.
Materials and Methods

Pump Design Theory
Turbo machines involve an energy transfer between the rotor and the flowing fluid. In the axial pump, the impeller receives energy from an external electric motor and imparts the energy to the fluid. Basic design expression for an axial pump is a form of Newton's law of motion applied to the fluid traversing the rotor, which states that the torque on the impeller is equal to the changing rate of the angular momentum of fluid. 30 -32 Equation 1 defines the torque (T) as a function of mass flow rate (m), the radii (r 1 and r 2 ), and the tangential absolute velocities (V u1 and V u2 ).
Equation 2 is the vector expression of the velocity triangle. The relative velocity of fluid (W) with respect to the moving blade is added to the blade velocity (U) to obtain the absolute fluid velocity (V).
The corresponding velocity triangles at the inlet and outlet are shown in Figure 2 . From the definition that the pump power (P) is the product of torque (T) and rotational speed (⍀) in radians per second, P can be written as (Equation 3)
where the blade speed U i substitutes for ⍀r i . By dividing Equation 3 by the mass flow rate (m) and gravity (g), we obtain the head expression (Equation 4): enters the rotor axially (without a tangential component of velocity or V u1 ϭ 0), Euler's equation reduces to:
The mass flow rate (m) through the impeller is calculated by multiplying the axial velocity (V a ) by the normal area of flow passage and the fluid density ().
This relation represents the conservation of mass. In a pump working with incompressible fluid, the important parameters are the volume flow rate (Q) and the total pressure rise (gH). They are often combined to two dimensionless variables to characterize the pump performance Performance curves are frequently plotted using a pair of dimensionless variables described above, such as curve or curve. Additionally, dimensionless variables are commonly used to select the type of machine and to determine the impeller size and geometry according to the operating requirements. For example, Figure 3 displays the copy of empirical diagrams for selection of machine and initial guess of pump dimension based upon the specific speed ⍀ s . 30 High efficiency axial pumps correspond to the range of specific speed of 2.5-5.5. The particular speed specific diameter plot (Cordier diagram) shows the optimum relation between the operating speed and pump dimensions, allowing for high efficiencies. The impeller geometry, including impeller tip and root diameters, annular flow area, blade number, and inlet and outlet blade angles (␤ 1 ,␤ 2 ) can be determined by the specific diameter based upon some other empirical charts and formulas. 31 An axial pump so selected and designed would be expected to have a high efficiency. Generally, the blades have shapes or profiles similar to those of airfoils: they are thin, cambered, and streamlined.
The conventional design theories and approaches may only produce a rough geometric estimation for an axial flow blood pump because the characteristic dimensions of a blood pump are much smaller than the applicable limits of those empirical formulas and diagrams. Therefore, computational fluid dynamics (CFD) must be used as an important tool for optimizing the size and geometry and finalizing the design of the pump before manufacturing to satisfy all blood pump requirements.
Design Objectives and Criteria
The design process of an axial flow RBP is far more complex than that of a typical industrial axial flow pump. Blood pump designers must consider a number of specific design requirements besides pump performance, such as implantability, blood compatibility, durability, and MBs feasibility. 33 To achieve an implantable pump, the overall size of the device becomes the central focus and the most important constraint during the design phase. Designing a pump with high efficiency and lower power consumption helps to minimize the size of the motor, thereby reducing the overall size of the RBP. Also, a miniaturized blood pump would reduce device related infections and could eliminate the need for an abdominal surgical pocket.
Because, for the same head and capacity requirements, the pump operational speed is inversely proportional to the pump's size, a smaller pump corresponds to a higher rotational speed of the rotor. Unfortunately, a higher rotor speed implies a higher value of shear stress, which could have a traumatic effect on blood. Therefore, the second important constraint becomes the rotor rotational speed and the clearance gaps between the rotor and the stationary housing. The larger the clearance gaps, the smaller the shear stress value under a given rotational speed. However, wider clearance gaps create more challenges to the MB designs.
The blood pump should be a nonthrombogenic device. Fundamentally, blood needs to be constantly in motion to avoid clotting and thrombosis. The smooth, nonobstructing flow path through the pump should be ideal to maintain a continuous wash over all surfaces and to avoid recirculation or stagnant flow regions that would encourage deposition of platelets. Additionally, platelet activation is far more sensitive to high shear flow conditions. A combination of smooth flow path and proper flow pattern near surfaces can reduce potential deposition and activation of the coagulation cascade.
Durability is the main motive for using MBs in the present authors' LEV-VAD designs. MBs have an expected lifetime of 15-20 years and are more reliable than mechanical bearings. Another advantage over mechanical bearings is that blood can wash over surfaces to avoid stagnation. In addition, mechanical bearings generate more shear stress near the touch points. On the other hand, MBs need extra space to locate the permanent magnets and coils. The fluid forces and moments on the impeller and more detailed information on the fluid field are required to design the stiffness and control capability of MBs. Also, the VADs with MBs need more percutaneous wires as compared with those with pivot or fluid bearings.
Depending upon the diversity of patients and the level of their physical exertion, the axial RBP must be able to operate over a wide range of flow conditions. Designed to operate at a single, best efficiency operating point, blood pumps quite frequently are required to perform at off design conditions. The robust motor and suspension system and its control system must be able to successfully and quickly respond to these flow condition adjustments by varying pump rotational speed. The design of the LEV-VAD requires a multidisciplinary consideration of traditional hydraulic analyses, MB design and its control system, and hematologic performance criteria. Compromises must be explored among those design elements to obtain the best overall performance. Table 1 gives the insight of design objectives and considerations.
Design Iterations
The flowchart illustrated in Figure 4 presents the general design procedure of an axial blood pump with magnetically suspended impeller. A baseline analysis was completed first by means of classic pump design formulas and empirical diagrams to obtain an initial pump geometry. Based upon that, a CFD model was generated, and an initial MB design was executed. The detailed information of fluid field exposed the deficiencies of the initial design and provided the fluid forces and moments for optimizing MB design. The CFD fluid path and MB designs will greatly affect the overall pump geometric parameters. A number of design iterations have been performed to reach the prototype stage for manufacture and bench tests. It should be noted that a proper mechanical design does not necessarily create an ideal VAD prototype. Unfeasibility or extremely high cost of manufacture, coverage by existing patents, or absence of innovation could abort a desirable design. Table 2 elaborates the design iterations that the present authors experienced before the final design. A configuration with inducer, impeller, and diffuser has been adopted. The inducer straightens the flow and removes prerotation of the fluid before the fluid reaches the impeller region, which makes the design of the impeller much easier. The simple geometry of inducer provides the possibility to optimally locate the active magnetic bearings (AMBs) without increasing the VAD's overall size. The impeller accelerates speed of the fluid and transforms the rotational energy imparted by the motor to the kinetic energy of the fluid. The stagger angle of the blade should gradually increase along the flow direction; otherwise, flow separation would likely occur. Unlike the simple velocity distribution at the discharge of inducer, the existing angular velocity and nonuniformity of axial velocity at the trailing edge of the impeller blades make the design of the diffuser extremely challenging. The diffuser converts the kinetic energy of the fluid to the desired pressure energy and thus must be designed to avoid recirculation, minimize resistance to flow, and allow for manufacturability. Because of the great curva- ture, three diffuser blades are finally adopted in the LEV-VAD for ease of manufacturing. Figure 5 shows the design and development history of the present authors axial blood pumps. It displays the main phases (UAP-1 to UAP-4) before the final version (LEV-VAD).
Last Version: LEV-VAD
The last version, named LEV-VAD, reached desirable fluid, magnetic, and hematologic performances. The LEV-VAD measures approximately 100 mm in length and 30 mm in diameter. Figure 6 shows the blade angle (Beta on the ordinate) distributions along the axis in impeller section at different spans. The blade angle is measured from the axial to the tangential direction. The M-Prime on the abscissa represents the radius normalized distance along the meridional curve. The blade angle is designed to change gradually. Figure 7 shows the pump's configuration and the CFD model of the LEV-VAD. The fluid enters the inducer, the impeller, and the diffuser sequentially. The axial gaps between inducer and impeller and the impeller and diffuser are both 1 mm. The main geometric parameters for inducer, impeller, and diffuser blades are given in Table 3 . The inducer's fluid dynamic function is to feed the impeller straightly, so both its inlet and outlet blade angles are zero degree, which means that the inducer blades are parallel to the axis. The inlet angles of impeller and diffuser blades are designed to be tangent to the fluid incident angle to avoid the vortex and reduce the friction and energy loss. They are relatively large because of the high rotational speed of the impeller. Counter-clockwise is specified as positive; clockwise is specified as negative. The diffuser blade outlet angle is designated as zero degree to minimize the angular component of fluid speed and, thereby, eliminate the swirl at the pump discharge. The length and height of blades are largely dependent upon the design and requirements of MBs.
CFD Analysis
CFD Software. This study used four software programs: BladeGen, TurboGrid, Build, and TASCflow, which are commercial software available through ANSYS Corp. Inc. (Canonsburg, PA, U.S.A.) BladeGen is an interactive turbomachinery design program for Windows platform, which allows easy graphical manipulation of the complicated impeller or diffuser design parameters and configurations. It easily isolates one or more parameters, which helps to create complicated blade configurations. For example, it is able to change the blade height while keeping the hub and shroud profiles constant, or modify the stagger angle without changing the blade angle. With an impeller or diffuser design, BladeGen exports the proper data files defining the hub, shroud, and blade profiles to TurboGrid. TurboGrid is an interactive hexahedral grid generation system, specifically designed for turbomachinery. It is preprogrammed with several templates tailored to the complex curvatures of various types of turbines, compressors, and pumps. TurboGrid provides a graphical user interface (GUI) for manipulating the total number and distribution law of mesh seeds. This functionality allows for optimization of the grid through iterations, such as the grid amount within the boundary layer, and the location of nearest grid to wall surface. From this, TurboGrid generates a well distributed grid for computation in the final program, TASCflow, which is the fluid NavierStokes CFD solver and postprocessor. Build, which is a generic grid generator, is used to define and generate mesh for all regions in the pump except the blade regions. The entire computational grid must include no negative volumes or twisted elements. It must have acceptable skew angles (generally Ͼ15°and Ͻ165°) for each region of the pump. TASCflow is a finite volume method based upon a finite element approach of representing the geometry. It uses the computational grid and a prescribed set of boundary conditions to characterize the flow field. It has strong computational capabilities, such as conjugate heat transfer (CHT), 24 different turbulence models, 34 transient or steady simulations, Lagrangian particle tracking, 35 and so on. These programs are consistent and robust software code, through which the slight or large changes could be quickly progressed for the iterations of pump design.
Computational Efforts for Transient Simulations. Because of the complex blade curvatures, the CFD model of LEV-VAD involves a rather dense and complicated mesh algorithm. Tascflow provides some beneficial recommendations for grid quality based upon a substantial number of computational experiences and experimental test comparisons for various types of turbo machines. For instance, it suggests the yϩ value of first grid near to walls as 2, and the number of grids within the boundary layer as 10 -15 for the low Reynold number regions in blade passages. To satisfy these grid generation criteria and thereby reach acceptable computation accuracy, the inducer, impeller, and diffuser have 74,700, 200,000, and 77,800 grids, respectively. The LEV-VAD CFD model, which has approximately 352,500 total grids, requires at least 370 M RAM for running a steady flow simulation. Table 4 illustrates a quantitative insight for the computational cost and resource.
As compared with the steady state flow simulations, the transient calculations entail far more in computational resources. The memory allocation for a transient computation, with the same CFD model, requires three to eight times that for a steady computation, depending upon the iterative strategy selected. These additional computational requirements for the transient study coupled with the already large CFD model in general leads to an extremely computationally intensive set of simulations.
Because of the high rotational speed and the small dimension of the pump, the computational time step must be very small. For example, if the rotational speed of the four blade impeller is 7,000 RPM, it takes approximately 2.1 ms for the impeller to spin one pitch. To capture more information about the flow field from the movement of the blades, the present authors selected an incremental time step of 0.42 ms. This time step allows for 200 time-points to be computed, recorded, and processed for a single heartbeat with normal period of 0.8 seconds. The postprocess, which reads the information from each transient result file, is time consuming, as well.
Results
Pump Performance
Two transient components are examined simultaneously in this report. One component relates to the time varying boundary conditions (TVBC): the pulsed inlet flow rate. The other aspect is related to the transient rotational sliding interfaces (TRSI) between the rotational and stationary reference frames. They have different mechanisms that bring about the subsequent transient effects. The period of TVBC is 0.8 seconds corresponding to the native heartbeat, and flow rate variation is selected from simulative data of representative patients with CHF who would be considered prime LVAD candidates. The period of TRSI case is directly decided by the rotational speed, such as 2.1 ms for 7,000 RPM. The time step was set as 0.42 ms for a total of 250 time-points to complete one heartbeat without any effects of initial conditions. For each time step, the impeller rotates approximately 18°. Figure 8 demonstrates the static pressure distribution across the pump at five sequential time steps during a single period for a constant rotational speed of 7,000 RPM and a periodic inflow rate with the average volume flow rate of 6 L/min. The pressure is increasing spatially smoothly and temporally gradually, which indicates that the designs of blades and flow path are desirable. The pressure field, especially around the interface between impeller and diffuser, changes obviously at different time-points. Figure 9 illustrates the correlation of volume flow rate and head rise of LEV-VAD, i.e., the Q-P curve, during a heartbeat. The relation of pressure rise and flow rate demonstrates hysteresis, as expected, to form a closed loop curve. The maximum difference of pressure rises is approximately 55 mm Hg. The static pressure rises ranged from approximately 80 -180 mm Hg, depending upon the absolute flow rate and its gradient. The peak head rise occurred at the end of native heart diastole, when the volume flow rate of blood through the VAD is at a minimum and when this peak would be expected.
The forces exerted on the impeller are essential to the magnetic suspension designs. After the fluid dynamics simulation was completed, three vector components of fluid forces can be determined by summing the individual contributions at all element surfaces on the impeller's walls. Because of the axially symmetrical configuration of the impeller, the radial force is relatively small and below 0.15 N. The axial force, however, which could be as large as 5.5 N, is a critical parameter for a successful magnetic suspension design. Figure 10 displays the axial forces on the impeller. The direction of the axial force is the conventional negative z direction because the pressure in the back clearance is larger than the pressure in the passages. The axial force increased as expected theoretically with a decrease in flow rate or an increase in rotational speed. Oscillations of the axial force with even transient intervals can also be observed in Figure 10 . This oscillation phenomenon resulted from the TRSI simulations allowing the impeller blades to virtually rotate. After each rotation, the interface components between two reference frames are updated with respect to the location of the impeller at that time. This detailed transient simulation is more similar to in vivo operating conditions and thereby more realistic than the steady state simulation. Furthermore, it can provide more information to validate the level of shear stress in the pump and to predict the level of blood trauma. The maximum shear stress of approximately 350 Pa occurred when the impeller blades encountered the diffuser blades angularly. The loci are around the tip of impeller blades at pressure side and the root of diffuser blades at the suction side. Dynamic investigation of the shear stress level makes the pump design more reliable and effective.
Comparison With Experiments
Once the CFD design is finished, a Solidworks file is created for the manufacturer to build a physical model to test the pump performance. A plastic model is used to conduct particle image velocimetry (PIV) tests, and the velocity and pressure distributions and fluid forces can be measured in laboratory. With the plastic materials, MBs are replaced by mechanical bearings. The tolerance of measurement of the flow rate is within Ϯ 1% based upon the manufacturer's certification and calibration experiments conducted before the formal tests with the same working fluid. The tolerance of pressure measurement is within Ϯ 2 mm Hg. Because the spinning speed of the impeller is too fast for comparing the response time of the measuring machine, it is impossible to conduct corresponding measurements for TRSI cases. The measurements for TVBC cases hopefully can be performed with the help of a heart simulator in the future.
The steady numerical CFD results agree well with the measurements over the entire range of operational conditions tested. The maximum discrepancy between CFD simulations and PIV measurements is less than 20% and occurs at a flow rate of 4 L/min and 6,000 RPM. Generally, the discrepancy is less than 10%.
Axial Oscillation of Impeller
The transient CFD simulation of the fluid field in the LEV-VAD provides information regarding the pressure difference across the whole pump as it varies with time. The time varying axial fluid force, which is approximately equal to the product of pressure difference and axial cross section area, can be calculated and estimated. Under the action of this force, the impeller moves forward until the MBs produce a restoring force that could overcome the axial fluid force. The fluid force and counter-restoring force may create an axial oscillation or vibration of impeller in the internal cavity of VAD. The amplitude of this vibration is also variable, whereas the maximum displacement of the vibration caused by the extreme fluid forces would be critical for the magnetic suspension design. Note that blood is a viscous fluid whose viscosity is approximately 3.5 times higher than that of water; therefore the oscillatory motion of the impeller experiences a damping influence from the fluid's presence.
The force analysis is drawn in Figure 11 . When the impeller moves toward the inlet, the magnetic force and damping force from blood are opposite to the fluid force. The total force exerted on the rotor is equal to the product of the mass and the acceleration of impeller. The TASCflow has the capability to run a moving grid case. The mesh topology and number of grids remain constant whereas the volume of elements and coordination of grids vary during the calculations. With the movement of the impeller, the grids at one end are compressed and those at the other end are expanded. However, the large amount of memory required disables the moving grid computation. Fortunately, we can evaluate the effect of the impeller's axial oscillation on the pump performance by bench tests. The experimental results by the plastic pump described previously showed that there is little difference in pump performance for different axial locations of the impeller. This indicates that the pump performance is not sensitive to the location of the impeller.
Discussion
The LEV-VAD design history and iterations have been described in this report. Conventional pump design approach and empirical formulas helped to establish the initial blood pump model. Detailed CFD simulations are followed to investigate the fluid field and pump performance and to finalize the pump design. The general blood pump design procedure and strategy presented in this report are found helpful.
A transient simulation study of the LEV-VAD, including TVBC and TRSI, was implemented by means of CFD technology. The variations in pressure rise and forces on the impeller under transient conditions were determined. The relation of pressure rise and flow rate demonstrates hysteresis. The variations of pump performance caused by the rotating position of impeller have been observed. Transient results indicated that the shear stress level was underestimated in steady studies. TRSI is highly recommended in the CFD simulation of blood pump for blood compatibility studies. The transient simulations, which require more computational efforts and sources, give more detailed information for pump performances and prove to be essential to ensure a reliable and effective design.
The axial oscillation of the impeller in the magnetic field has been described and investigated. Results indicate that the oscillated motion of the impeller is less important to pump performance but is critical for MBs design.
The approaches introduced in this report enable a complete computational evaluation of the VAD's performance under transient flow conditions. This analysis provides insight into the pump's performance under dynamic flow conditions, which are realistic when considering in vivo implant scenarios and can generally be applied in the design process of VADs. Future research efforts will focus on PIV measurements for the LEV-VAD prototype and comparisons of such measurements to the transient flow computational predictions.
